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Abstract

Introduction—Conduction system pacing (CSP), in the form of His bundle pacing (HBP) or left
bundle branch pacing (LBBP), is emerging as valuable cardiac resynchronization therapy (CRT)
delivery methods. However, patient selection and therapy personalization for CSP delivery remain
poorly characterized. We aim to compare pacing-induced electrical synchrony during CRT, HBP,
LBBP, HBP with left ventricular (LV) epicardial lead (HOT-CRT), and LBBP with LV epicardial
lead (LOT-CRT) in patients with different conduction disease presentations using computational
modeling.

Methods—We simulated ventricular activation on twenty-four four-chamber heart geometries
including His-Purkinje systems with proximal left bundle branch block (LBBB). We simulated
septal scar, LV lateral wall scar, and mild and severe myocardium and LV His-Purkinje system
conduction disease by decreasing the conduction velocity (CV) down to 70% and 35% of healthy
CV. Electrical synchrony was measured by the shortest interval to activate 90% of the ventricles
(BIVAT-90).

Results—Severe LV His-Purkinje conduction disease favored CRT (BIVAT-90: HBP

101.5+7.8ms vs CRT 93.0+8.9ms, P<0.05), with additional electrical synchrony induced by HOT-
CRT (87.6£6.7ms, P<0.05) and LOT-CRT (73.9+7.6ms, P<0.05). Patients with slow myocardium
CV benefit more from CSP compared to CRT (BIVAT-90: CRT 134.5+24.1ms; HBP 97.1+9.9ms,
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P<0.01; LBBP: 101.5£10.7ms, P<0.01). Septal but not lateral wall scar made CSP ineffective,
while CRT was able to resynchronize the ventricles in the presence of septal scar (BIVAT-90:
baseline 119.1+10.8ms vs CRT 85.1+14.9ms, P<0.01).

Conclusion—Severe LV His-Purkinje conduction disease attenuates benefits of CSP, with
additional improvements achieved with HOT-CRT and LOT-CRT. Septal but not lateral wall scar
make CSP ineffective.
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Introduction

Methods

Cardiac resynchronization therapy (CRT) is one of the most effective treatments for heart
failure (HF) with left bundle branch block (LBBB).! However, between 30% and 50% of
patients do not respond to therapy.! Suboptimal response to standard CRT, delivered with
one right ventricular (RV) lead and one left ventricular (LV) coronary venous lead, has been
attributed to many factors, including operator experience, scar, intricate coronary sinus (CS)
anatomy and suboptimal LV lead placement.!

Conduction system pacing (CSP), performed either through His bundle (HBP) or left bundle
pacing (LBBP), has emerged as an effective alternative approach to deliver CRT in LBBB
patients.2=> Although clinical studies have shown HBP feasibility and efficacy?8, HBP is
challenging to deliver and results in high pacing thresholds.8 On the other hand, LBBP

is easier to perform, does not result in high pacing thresholds,® and leads to comparable
synchrony to HBP when atrioventricular (AV) delay optimization is possible.” However, not
all patients benefit from CSP. For example, lower efficacy of CSP is reported in patients
with diffuse rather than focal conduction disease.8 As access to CSP increases, it will be
important to identify patients most likely to benefit from its delivery.

CSP relies on accessing the fast electrical conduction in the His-Purkinje system. In dogs,
HF decreases the conduction velocity (CV) from 2.2 m/s to 1.5 m/s? in the Purkinje

system and may impact CSP outcomes. Septal scar at the base of the ventricles was also
reported to cause failure to deliver LBBP.19 In patients not responding to standard CSP,
His-optimized CRT (HOT-CRT) and left bundle-optimized (LOT-CRT), delivered as CSP in
combination with an LV epicardial lead, have been proposed as alternative delivery methods
to resynchronize the ventricles.11:12 Additional studies are needed to assess when CRT, HBP,
LBBP, HOT-CRT and LOT-CRT are feasible and effective in different patient groups.

We aim to study the effect of different conduction disturbances on response to HBP, LBBP,
CRT, HOT-CRT and LOT-CRT using computational modeling. Electrical activation of the
ventricles was simulated on twenty-four HF meshes inclusive of a His-Purkinje system.
Simulations were performed in the presence of proximal LBBB combined with normal LV
His-Purkinje CV, slower LV His-Purkinje system CV, slower ventricular myocardium CV,
and LV septal or lateral wall scar. Response to pacing was quantified by computing the
reduction in ventricular activation times, and different pacing modalities were compared to
determine whether CRT, CSP alone, or a combination of the two would lead to the best
response.

Anatomical Models

In this study, we used twenty-four Imm-resolution four-chamber heart meshes generated
from HF patients from a previous study.13 The CT images used to generate the heart
models were gathered as part of two CRT clinical trials (REC numbers 14/WM/1069 and
18/L0O/0752) approved by the West Midlands Coventry and by the London-Harrow ethics
committees, respectively. The CT datasets were analyzed anonymously. We included a
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His-Purkinje network on the LV and the RV based on Gillette et al.1* The His-Purkinje
model accounts for the presence of three LV fascicles, one RV septal fascicle and the RV
moderator band. More details about the His-Purkinje tree generation are provided in the
Supplement.

Electrophysiology Simulations

We simulated ventricular electrical activation with an eikonal model.1> Ventricular
myocardium was simulated as a transversely isotropic conducting tissue with CV of 0.6
m/s and 0.24 m/s along the fibers and the transverse direction, respectively, within ranges
of healthy CV measured in mammals.16 CV along the Purkinje was set to 3.0 m/s.16-18
The CV of the individual fascicles was computed so that, during sinus rhythm, the
activation wave reached the end of all three LV fascicles at the same time and 10 ms

before the end of the two RV fascicles were activated to be consistent with the Durrer
maps.1? This allowed us to time the first LV and RV activations during sinus rhythm. The
Supplement shows a validation of the simulated activation patterns achieved at baseline
against electrocardiographic imaging (ECGi) data. We also compared metrics for LV and
BIV synchrony during baseline and selective HBP against literature data and metrics
extracted from ECGi data (see Supplement). This shows that the model replicates the LBBB
activation pattern for all twenty-four patient-specific meshes and that the simulated metrics
agree with metrics derived from clinical data for LBBB patients.

To simulate diffuse conduction disease of the LV, the CV of the LV Purkinje system
(including all three fascicles and left bundle branch) were decreased down to 70% of LV
His-Purkinje baseline CV of 3.0 m/s, based on measurements in HF dogs.® However, since
this still resulted in healthy LV His-Purkinje CV (2.1 m/s), we performed simulations with
the LV-His Purkinje CV decreased down to 35% of healthy CV, to simulate severe diffuse
LV conduction disease. We also simulated mild (reduced to 70% of healthy myocardium
CV) and severe (reduced to 35% of healthy myocardium CV) myocardium conduction
disease by decreasing the CV of ventricular myocardium.

Scar Mapping and Simulation

To simulate the effect of septal scar and LV lateral wall scar, we mapped patient-specific
scar and border zone geometries from publicly available Imm-resolution LV patient-specific
meshes using the universal ventricular coordinates (UVCs).2%-21 The UVCs were computed
on the LV of our twenty-four meshes and on the LV meshes the scar was mapped from.
Then, the scar and border zones were mapped by finding the closest element in UVC
distance on the target mesh for every scar and corresponding border zone to each heart.

We mapped a septal and a lateral wall scar and corresponding border zone to each heart.
Scar was then simulated as non-conducting, while the CV in the border zone was set to
isotropic and 50% of the transverse CV in healthy myocardium.2° Finally, we assumed that
the Purkinje fibers within the scar were non-conducting.

CRT Simulations

In this study, we considered seven different baseline simulations in combination with
proximal LBBB: 1) normal His-Purkinje system CV of 3.0 m/s; 2) CV in the LV His-
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Purkinje system decreased to 2.1 m/s (70% of healthy CV), simulating mild diffuse LV
conduction disease; 3) CV in the LV His-Purkinje system reduced to 1.05 m/s (35%

of healthy CV), simulating severe diffuse LV conduction disease; 4) CV in ventricular
myocardium decreased to 0.42 m/s (70% of healthy CV); 5) CV in ventricular myocardium
decreased to 0.21 m/s (35% of healthy CV); 6) large septal non-conducting scar; 7) large
non-conducting LV lateral wall scar. Pacing in all these different scenarios was simulated as
described below.

Standard CRT was simulated by pacing the RV apex and the LV epicardial lateral wall

from the latest activated point at baseline. Ventricular-ventricular delay was set to 0.0

ms. Selective HBP was simulated by pacing the His below the block, assuming perfect
correction of proximal LBBB. CRT and HBP simulations were performed under the
assumption that pacing completely over-writes the patient’s intrinsic activation. Selective
LBBP was simulated by pacing the left bundle. LBBP was always simulated with AV delay
optimization as described previously to minimize biventricular activation times,” as this was
shown to lead to comparable response to HBP. HOT-CRT was simulated by combining HBP
with an LV epicardial lead, placed in the latest activated region in the LV. The LV was paced
with a delay equal to the His-ventricular delay during HBP alone.1! Similarly, LOT-CRT
was simulated by combining LBBP with optimal AV delay and the LV epicardial lead.

In this case, the LV epicardium was stimulated with a delay equal to the first myocardial
activation computed during selective LBBP alone.

We investigated the effect of healthy His-Purkinje CV on our results by repeating all
simulations and comparisons with a healthy His-Purkinje CV of 2 m/s, as opposed to 3
m/s as reported above. The results of this analysis are reported in the Supplement. In
addition, we investigated the effect of His-Purkinje system conduction properties within
non-conductive septal scar by running additional simulations with healthy, moderately and
severely slow Purkinje within the scar, as shown in the Supplement.

Metrics for Response

We assessed LV synchrony by computing 95% of LV activation (LVAT-95), computed as
the shortest interval to activate 95% of the LV, and the LV dyssynchronous index (LVDI),
defined as the standard deviation of LV activation times. Both LVAT-95 and LVDI have
been used in the literature to quantify response to pacing from ECGi data.22 Similarly, BIV
dyssynchrony was quantified by computing 90% of biventricular activation (BIVVAT-90) and
the biventricular dyssynchronous index (BIVDI). For all metrics, the outflow tracts and the
area around the mitral and the tricuspid valve annuli were excluded from the activation time
calculations. This was done to be consistent with the clinical data that we used to validate
the model (see supplement).

Statistical Methods

Simulation results were compared using one-way analysis of variance (ANOVA). Post-hoc
comparison analysis was performed to see which pairwise comparisons were statistically
different using the Tukey’s honestly significant difference test.
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The results obtained in this study are summarized in Table 1. The top and bottom

sections report BIVAT-90 and LVAT-95, respectively. We show metrics obtained at baseline
LBBB, during CRT, selective HBP, selective LBBP, HOT-CRT and LOT-CRT for different
conduction disturbances considered in this study.

Conduction Slowing in the His-Purkinje but not in the Myocardium Worsens Response to

CSP

In presence of proximal LBBB and otherwise normal His-Purkinje system (Figure 1,

blue bars), HBP and LBBP led to improved LV and BIV activation times and synchrony
compared to standard CRT (LVAT-95: HBP 51.2+4.9 ms and LBBP 59.0+£6.5 ms vs CRT
79.8+7.7 ms; BIVAT-90: HBP 42.6+3.8 ms and LBBP 48.0+5.3 ms vs CRT 68.0+8.0 ms),
with all differences being statistically significant (P<0.01). Reducing LV His-Purkinje CV
from 3.0 m/s to 2.1 m/s (Figure 1, orange bars) also led to better response with CSP
compared to CRT (P<0.01 for all metrics). When the LV His-Purkinje CV was further
reduced to 1.05 m/s (Figure 1, green bars), CRT was comparable to HBP (L\VVAT-95: HBP
113.4+8.7 ms vs CRT 108.5+9.2 ms, P=0.45) and LBBP (LVAT-95: LBBP 108.7+10.2 ms
vs CRT 108.5+9.2 ms, P=0.9) in terms of LV activation times. BIV activation times were
shorter with CRT compared to HBP (BIVVAT-90: HBP 101.5+7.8 ms vs CRT 93.0+8.9 ms,
P<0.05), while LBBP was comparable to CRT in terms of biventricular indices (BIVVAT-90:
LBBP 89.1+9.8 ms vs CRT P=0.7). This difference between HBP and LBBP in patients with
severely slow LV His-Purkinje system is caused by the longer distance the stimulus has to
travel across the LV fascicles during HBP compared to LBBP. While this is irrelevant when
the fascicles are fast, in the presence of severe LV His-Purkinje CV slowing this causes
worse response with HBP compared to LBBP. Figure 2 shows the distribution of simulated
activation times for one patient at baseline, CRT, HBP, LBBP, HOT-CRT and LOT-CRT,
with red and blue areas representing early and late activated areas, respectively.

Our simulations predict that patients with CV decreased to 1.05 m/s in LV His-Purkinje
system (severe LV conduction disease) significantly benefit from HOT-CRT and LOT-CRT
(Figure 1, green bars, and Figure 2). LV activation times and synchrony were shorter

with HOT-CRT (LVAT-95: 95.2+7.6 ms and LVDI: 26.2+2.0 ms) and LOT-CRT (LVAT-95:
89.8+8.4 ms and LVDI: 24.1+2.3 ms) compared to CRT (108.5£9.2 ms, P<0.01) or

CSP alone (HBP: 113.448.7 ms, P<0.01; LBBP: 108.7+£10.2). Similarly, BIV synchrony
was better when CSP was combined with an LV lead, but differences were statistically
significant only between CRT and LOT-CRT in terms of BIVDI and BIVAT-90 (P<0.01),
indicating that HOT-CRT is more likely to benefit the LV but not BIV synchrony.

Patients with slow ventricular myocardium but normal His-Purkinje CV benefit more from
CSP compared to CRT (Figure 3). BIVVAT-90 was shorter with HBP and LBBP compared
to CRT in case of myocardial CV slowed from 0.6 m/s to 0.42 m/s (CRT: 83.6+£11.8 ms
HBP: 54.7+5.1 ms, P<0.01; LBBP: 59.8+6.3 ms, P<0.01) and 0.21 m/s (CRT: 134.5+24.1
ms HBP: 97.1+9.9 ms, P<0.01; LBBP: 101.5+10.7 ms, P<0.01). LV activation times
followed a similar trend, with CSP achieving significantly shorter LVAT-95 compared to
CRT. HOT-CRT and LOT-CRT are not significantly more effective than HBP and LBBP,
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respectively. When the myocardium CV was reduced from 0.6 m/s to 0.42 m/s, BIVAT-90
during HOT-CRT and LOT-CRT were 52.5+4.6 ms (P=0.9 vs HBP) and 56.7+5.5 ms (P=
0.78 vs LBBP). Myocardium CV reduced to 0.21 m/s led to similar results, with HOT-CRT
(BIVAT-90: 94.6+9.4 ms vs HBP P=0.9; LVAT-95: 109.2+9.8 ms vs HBP P=0.82) and
LOT-CRT (BIVAT-90: 98.2+10.0 ms vs LBBP, P=0.9; LVAT-95: 115.0+10.8 ms vs LBBP
P=0.72) not being more effective than CSP alone in reducing both BIV and LV activation
times.

The results presented in this paragraph were not affected by decreasing the healthy His-
Purkinje CV from 3 m/s to 2 m/s. Severely slow LV His-Purkinje CV led to better response
to CRT compared to HBP or LBBP, while moderate and severe myocardial CV slowing
favored response to CSP.

Septal but not Lateral Wall Scar Makes CSP Ineffective in Resynchronizing Ventricular

Activation

In the presence of proximal LBBB and septal scar (Figure 4, orange bars), HBP and

LBBP are ineffective in resynchronizing the ventricles, leading to comparable activation to
baseline (BIVAT-90: baseline 119.1+10.8 ms vs HBP 117.2+14.9 ms, P=0.9 and LBBP:
118.1+£12.6 ms, P=0.9; LVAT-95: baseline 130.9+11.2 ms vs HBP 129.4+13.9 ms, P=0.9 and
LBBP: 130.2.0+11.6 ms, P=0.9). On the other hand, CRT significantly shortened ventricular
activation compared to baseline (BIVAT-90: 85.1+9.8 ms, P<0.01; LVAT-95: 100.1+9.5 ms,
P<0.01). Figure 5 shows the simulated activation times for one of the geometries with

septal scar during baseline (LBBB with septal scar) and different pacing modes. Activation
times with CSP are the same as during baseline, while CRT synchronizes the ventricles. LV
activation times during HOT-CRT (LVAT-95: 101.7+10.7 ms, P=0.9 vs CRT) and LOT-CRT
(LVAT-95: 104.1+13.6, P=0.85 vs CRT) were similar to CRT, while BIV activation times
were better during CRT compared to HOT-CRT (BIVAT-90: 94.5+11.6 ms, P=0.11 vs CRT)
or LOT-CRT (BIVAT-90: 96.7£13.0 ms, P=0.02 vs CRT), although the difference was not
statistically significant. The presence of extended septal scar leads to a distal block that
cannot be treated by CSP. In these patients, CRT remains a valuable solution, as response to
CRT is less sensitive to the presence of scar in the septum compared to CSP.

CRT is ineffective in patients with LV lateral wall scar (Figure 6, orange bars). BIVAT-90
(baseline: 124.8+13.2 ms vs CRT: 119.0+17.4 ms, P=0.68) and LVAT-95 (baseline:
148.0+£15.2 ms vs CRT: 142.2+19.6 ms, P=0.76) during CRT were comparable to baseline.
Scar in the LV lateral wall only mildly affects response to CSP (Figure 6, orange bars).

In the presence of LV lateral wall scar, LVAT-95 is reduced from 148.0+15.2 ms to
129.2+14.1 ms (P<0.01) with HBP and to 125.4+14.0 ms (P<0.01) with LBBP. Similarly,
biventricular activation was quicker with HBP and LBBP compared to baseline (BIVVAT-90:
baseline 124.8+13.2 ms vs HBP 105.3£12.8 ms P<0.01 and LBBP 102.6+12.5 ms P<0.01).
HOT-CRT (BIVAT-90: 101.9+12.3 ms vs HBP P=0.9; LVAT-95: 125.1+14.1 ms P=0.9) and
LOT-CRT (BIVAT-90: 99.5+12.0 ms vs HBP P=0.9; LVAT-95: 122.0+13.9 ms P=0.9) are
equivalent to CSP alone in these patients, as the LV epicardial lead is close to the scar.
Simulated activation times with LV lateral wall scar in Figure 7 show that HBP and LBBP
improve LV activation times compared to baseline, because these pacing methods are able
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to correct for proximal LBBB. However, due to the presence of scar in the LV (grey areas),
propagation across the LV is still slow. Therefore, the reduction in activation times following
CSP in the presence of LV lateral wall scar is smaller compared to when the scar is not
present (Figure 6).

Decreasing the healthy His-Purkinje CV from 3 m/s to 2 m/s did not affect the resulted
presented in the presence of septal scar, as shown in the Supplement. In this case, CSP
remained ineffective, while CRT led to significantly reduced activation times. However,
when the Purkinje system within the septal scar was viable, even if slow, HBP and LBBP
were more effective than CRT in reducing activation times. On the other hand, in the
presence of LV lateral wall scar, reduced healthy His-Purkinje CV worsened response to
CSP, while activation metrics during CRT remained unaltered. This is due to CSP being
more reliant than CRT on His-Purkinje CV.

Discussion

We performed an in-silico electrophysiology clinical trial to study the effect of altered LV
His-Purkinje CV, myocardial CV, and the presence of scar on patient response to CRT, HBP,
LBBP, HOT-CRT and LOT-CRT. The central illustration summarizes the results of the study.
In patients with severe LV His-Purkinje system slowing (CV reduced from 3.0 m/s to 1.05
m/s), CSP was worse than CRT, while HOT-CRT and LOT-CRT as extensions of CSP led

to shorter activation compared to CSP or CRT alone. Patients with slow myocardial CV
benefit more from CSP than CRT, with HOT-CRT and LOT-CRT not bringing any additional
benefits to CSP alone. Patients with septal scar benefit from CRT but not CSP. On the other
hand, in the presence of LV lateral wall scar, CRT was ineffective while CSP was effective.

Although selective HBP was reported to shorten and sometimes normalize the QRS
duration,6:22 many patients are left with partial dyssynchrony. HBP effectiveness relies on
the assumption that most blocks happen proximally along the His bundle. Furthermore,
HBP requires mapping the His bundle together with high pacing thresholds to target the

His bundle and achieve QRS shortening. Upadhyay et al.® performed left septal mapping

in 85 patients to compare response to HBP in patients with proximal or distal blocks. HBP
corrected LBBB in 94% of patients with proximal LBBB along the His and otherwise

intact Purkinje network. On the other hand, patients with intact His-Purkinje system (no
conduction block) or with more distal blocks (e.g. no viable Purkinje fibers) did not benefit
from HBP. Our results agree with this study. We have shown that proximal block with
normal His-Purkinje CV leads to better response with HBP, while HBP is ineffective in the
absence of viable LV His-Purkinje system in the septum (as, for instance, in the presence of
septal scar) or diffuse LV conduction disease. Furthermore, our simulations predict that HBP
is also effective in patients with LV lateral wall scar, while CRT is ineffective, consistent
with clinical observations where patient with scar are less likely to respond to CRT or would
require LV lead location optimization to achieve response.23 In agreement with our study,
LBBP is also ineffective in the presence of septal scar.10

HOT-CRT has been proposed as an extension of HBP that could improve pacing-induced
electrical synchrony in patients with severe HF.11 Vijayaraman et al. reported significantly
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shorter QRS duration with HOT-CRT compared to CRT and HBP alone, showing the
potential benefits of combining these two pacing modalities, in agreement with our study.1!
Padeletti et al.24 showed that CRT and LV-only pacing required AV delay optimization to
achieve significant improvements of LV systolic function. On the other hand, HBP is able to
activate intact right bundle branch fibers, allowing for fusion of the LV lead wavefront and
intrinsic conduction of the RV without AV delay optimization. Although the His-LV lead
delay could be optimized in HOT-CRT, HOT-CRT was reported to be superior to HBP or
CRT alone even without His-LV delay optimization,}! making it potentially more convenient
than CRT or LV-only pacing. Nevertheless, HOT-CRT delivery is challenging, especially

in patients in sinus rhythm due to difficulties in incorporating an additional lead in the
pacemaker, and might result in increased pacing thresholds.1

Consistent with our simulations, Jastrzebski et al. found that LOT-CRT achieves superior
electrical synchrony compared to CRT and LBBP alone.12 The QRS narrowing reported
with HOT-CRT was however greater than LOT-CRT, possibly caused by late RV activation
induced by LBBP.12 RV delayed activation can be improved with AV delay optimization,
when the patient does not suffer from complete heart block.” Our results show that LBBP
delivered with optimized AV delay in combination with an LV epicardial lead achieves
superior electrical synchrony to all other pacing modalities in patients with severe LV
His-Purkinje conduction slowing, but not in patients with slow myocardial conduction or
scar in either the septum or the LV lateral wall. HOT-CRT and LOT-CRT represent valuable
alternatives for patients with advanced HF, where HBP, LBBP and CRT alone were not able
to achieve significant QRS narrowing. LOT-CRT has an advantage over HOT-CRT due to
low and stable pacing thresholds.12 LOT-CRT has some technical advantages compared to
HOT-CRT, but it may require AV delay optimization to achieve optimal synchrony, thus
relying on the patients not suffering from complete heart block.

In-silico trials allow systematic comparison of pathologies and therapies. However, they
rely on models and have inherent limitations. Our study assumes that acute pacing-

induced electrical synchrony correlates with long-term functional response, while additional
factors other than electrical synchrony contribute to patient outcome. Nevertheless, a
systematic review of CRT clinical trials has reported that responders had significantly larger
QRS narrowing compared to non-responders,2® highlighting the importance of electrical
synchrony following CRT.

The results of our study suggest that response to different pacing strategies depends on

the CV of the myocardium and the LV His-Purkinje system, and on the presence of scar.
Although scar can be quantified through late gadolinium enhanced MRI, currently it is not
possible to measure His-Purkinje CV in-vivo. This makes clinical validation of part of our
results challenging.

Our heart models include a synthetically generated His-Purkinje system and was not adapted
to represent a specific patient. This approach allowed us to simulate the main features of
LBBB activation at baseline and response to pacing. The model validation we reported

in the Supplement shows that all twenty-four models represent general features of LBBB

J Cardjovasc Electrophysiol. Author manuscript; available in PMC 2024 April 01.
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depolarization pattern and replicates how different activation metrics change in response to
CRT.

Our model assumes perfect delivery of HBP and LBBP, while a significant proportion of
patients are delivered with non-selective capture. Furthermore, LBBP was always simulated
with optimized AV delay, although this cannot be achieved in patients with complete heart
block or atrial fibrillation. Therefore, our results might overestimate benefits induced by
CSP. Although these factors could be accounted with further in-silico trials, they were
outside the scope of this study.

In our scar model, we assumed that the scar tissue was non-conducting. Different

scar densities, conduction properties and types could be considered based on previous
computational studies.2 Furthermore, the Purkinje fibers within the scar were also assumed
to be non-conducting, due to the lack of information about the effect of scar on the Purkinje
network. However, in the Supplement, we have shown that if the Purkinje within septal
non-conducting scar is viable, the CSP is still more effective than CRT.

Despite its limitations, this computational study succeeds in testing different possible
scenarios in which CSP may or may not be effective and predict which patients are likely

to respond to CSP in a clinical setting. However, while our results suggest that CSP may be
most effective, these need to be reproduced in a clinical study to ensure clinical relevance of
our findings.

Conclusion

CSP is negatively affected by severe conduction slowing in the LV His-Purkinje system
and by the presence of extensive septal scar, but not by myocardial conduction slowing.
Dyssynchrony induced by LV His-Purkinje conduction slowing can be corrected using
HOT-CRT and LOT-CRT. On the other hand, CRT remains more effective in patients with
septal scar as septal scar leads to a distal block that makes CSP completely ineffective. CSP
is able to reduce activation times in the presence of LV lateral wall scar, although electrical
synchronization was smaller compared to patients without scar.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of LV His-Purkinje conduction on response to pacing.
Bar chart of LVAT-95, LVDI, BIVAT-90 and BIVDI for three different pathologies:

proximal LBBB but otherwise normal His-Purkinje system (blue), mild LV His-Purkinje
conduction slowing (orange) and severe LV His-Purkinje system conduction slowing. The
values are presented as mean + standard deviation (black lines). LVAT-95 = 95% left
ventricular activation time, LVDI = left ventricular dyssynchronous index, BIVAT-90 =
90% biventricular activation time, BIVDI = biventricular dyssynchronous index, LBBB

= left bundle branch block, CRT = cardiac resynchronization therapy, S-HBP = selective
His bundle pacing, S-LBBP optAVD = selective left bundle pacing with optimized
atrioventricular delay, HOT-CRT = His optimized CRT, LOT-CRT = left bundle optimized
CRT
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Figure 2. Effect of LV His-Purkinje conduction on activation times.
Simulated ventricular activation times for one of the patient-specific meshes with proximal

LBBB and severe LV His-Purkinje system conduction slowing during baseline (LBBB)
and pacing. Red and blue areas represent early and late activated regions, respectively.
Abbreviations as in Figure 1.
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LBBB and Different Myocardial Conduction Velocities
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Figure 3. Effect of myocardium conduction on response to pacing.
Bar chart of LVAT-95, LVDI, BIVAT-90 and BIVDI for three different pathologies: proximal

LBBB but otherwise normal myocardium (blue), mild myocardium conduction slowing
(orange) and severe myocardium conduction slowing. The values are presented as mean *
standard deviation (black lines). Abbreviations as in Figure 1.
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Figure 4. Effect of septal scar on response to pacing.
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Bar chart of LVAT-95, LVDI, BIVAT-90 and BIVDI for two different pathologies: proximal
LBBB but otherwise normal His-Purkinje system (blue) and septal scar (orange). The values
are presented as mean + standard deviation (black lines). Abbreviations as in Figure 1.
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Figure 5. Effect of septal scar on activation times.
Simulated ventricular activation times for one of the patient-specific meshes with proximal

LBBB and septal scar during baseline (LBBB) and pacing. Red and blue areas represent
early and late activated regions, respectively. Abbreviations as in Figure 1.
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Figure 6. Effect of lateral wall scar on response to pacing.
Bar chart of LVAT-95, LVDI, BIVAT-90 and BIVDI for two different pathologies: proximal

LBBB but otherwise normal His-Purkinje system (blue) and scar in the LV lateral wall
(orange). The values are presented as mean + standard deviation (black lines). Abbreviations
asin Figure 1.
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Figure 7. Effect of lateral wall scar on activation times:
Simulated ventricular activation times for one of the patient-specific meshes with proximal

LBBB and scar in the LV lateral wall during baseline (LBBB) and pacing. Red and blue
areas represent early and late activated regions, respectively. Gray areas in the LV represent
scar, simulated as non-conductive tissue. Abbreviations as in Figure 1.
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Results summary. Simulated BIVVAT-90 (top section) and LVVAT-95 (bottom section) during baseline, CRT,
selective HBP (S-HBP) and LBBP (S-LBBP), HOT-CRT and LOT-CRT for different conduction disturbances.

Biventricular response — BIVAT-90
Baseline CRT S-HBP S-LBBP HOT-CRT LOT-CRT

LBBB 87.6+9.0 68.0 + 8.0 42,6 +3.8 48.0+5.3 - -
LBBB & moderately slow LV Purkinje | 98.0 £9.6 76.4+8.3 49.1+4.6 56.7 + 6.5 459+4.1 51.7+53
LBBB & severely slow LV Purkinje 129.9+11.8 | 93.0+8.9 101.5+7.8 89.1+9.8 87.6+6.7 739+7.6
LBBB & moderately slow myocardium | 107.2+12.6 | 83.6+11.8 547+5.1 59.8+6.3 525+4.6 56.7 £5.5
LBBB & severely slow myocardium 172.7+26.2 | 1345+24.1 | 97.1+9.9 101.5+10.7 | 946+9.4 98.2+10.0
LBBB & septal scar 119.1+10.8 | 851+9.38 117.2+149 | 1181+129 | 945+11.6 96.7 +13.0
LBBB & LV lateral wall scar 1248 +13.2 | 119.0+17.4 | 105.3+12.8 | 102.6 +12.5 | 101.9+123 | 99.5+12.0

Left ventricular response — LVAT-95
LBBB 94.8+9.3 79.8+7.7 51.2+14.0 59.0+6.5 - -
LBBB & moderately slow LV Purkinje | 106.7 £9.9 89.4+8.2 59.4+5.6 704+7.4 53.2+4.4 62.7+5.9
LBBB & severely slow LV Purkinje 143.6 +£11.7 | 108.5+9.2 113.4 8.7 108.7 £10.2 | 95.1+7.6 89.9+84
LBBB & moderately slow myocardium | 116.4+12.6 | 96.6 + 10.4 65.5+6.1 73.0£7.8 61.0£5.1 67.6 £6.5
LBBB & severely slow myocardium 189.6 £25.8 | 152.1+21.7 | 1150+ 11.0 | 121.8+125 | 109.2+9.8 115.2+10.8
LBBB & septal scar 130.9+11.2 | 100.1+9.5 129.4+13.9 | 130.2+11.6 | 101.7+10.7 | 104.1+13.6
LBBB & LV lateral wall scar 148.0+15.2 | 142.2+19.6 | 129.2+14.1 | 1254+ 140 | 1251+14.1 | 122.0+139
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